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Magnetic and transport properties of Lao.7Cao.3Mni_a;M^03 (M'=Al,Ti) are studied. The dilu- 
tion of the Mn lattice results in a weakening of the ferromagnetism, a deterioration of the metallic 
conductivity, and a strong enhancement of the magnetoresistance. Although T c linearly decreases 
with x in the low substitution ranges for both M' series, the scaling behavior T c (n p ) previously 
observed for Lao.rSro.aMni-zM^Oa [Phys. Rev. B 73, 184403 (2006)] is no longer obtained. Ex- 
trapolations of the T c (n p ) linear curves to T c =0 give n p values much smaller than 1. These results 
suggest that, according to a molecular-field approximation, antiferromagnetic superexchange be- 
tween Mn ions is significant in Lao.7Cao.3Mn03, in contrast to what observed in Lao.7Sro.3Mn03. 
Additionally, structural data of the Al-substituted samples suggest that variations of the e g -electron 
bandwidth W cannot explain the decrease of T c in magnetically diluted manganites. 

PACS numbers: 75.10.Hk, 75.30.Et, 75.47.Gk, 75.47.Lx 



I. INTRODUCTION 

Mixed-valance manganites (i?,A)MnC>3 (R: rare- 
earth, A: alkaline-earth elements) have been intensively 
studied for more than a decade since the discovery of the 
Colossal MagnctoResistancc (CMR) phenomenon! 1 * 2 ^ 
This class of materials is attractive to scientists due to 
not only their potential for practical applications, but 
also their rich and intriguing fundamental physics. The 
Mn 3+ /Mn 4+ mixed valence leads to a coexistence of com- 
peting interactions among the Mn ions. While antiferro- 
magnetic (AF) and insulator-like behavior are found in 
the systems dominated by Mn 3+ -0 2_ -Mn 3+ and Mn 4+ - 
2_ -Mn 4+ superexchange (SE) interactions, ferromag- 
netic (FM) and metallic behavior arc realized in those 
Mn 3+ -0 2_ -Mn 4+ double-exchange (DE) couplings^ are 
pertinently introduced by doping .4 2+ ions at the R- 
site. Along with the mixed interaction character, lat- 
tice distortions (such as Jahn- Teller and GdFeC>3-type) 
and phase segregation phenomena also play important 
roles governing the physical properties of the materials. 
Depending on the compositions and external conditions, 
the properties of manganites can be ranged from disor- 
dered to ordered, from antiferromagnetic to ferromag- 
netic, from insulating to metallic£i£ 

On the search for compositions with novel properties, 
results for both R- and Mn-site substitutions have been 
quite well documented in the literature. For the R- 
site substitution, magnetic and transport properties have 
been found to be quite systematically influenced by the 
GdFeC>3-type lattice distortion and lattice disorder as- 
sociated with the size and size mismatch of the i?-site 
cationsi^ However, doping at the Mn-site would cre- 
ate a much more complicated scenario. Since double ex- 
change has been found to exist so far only between Mn 
ions, any substitution at the Mn-site would lead to a 



weakening of the DE ferromagnetism and therefore a de- 
terioration of the metal-like conduction. If the substitut- 
ing ion carries a net spin moment, magnetic interactions 
between Mn ions and the substituent are inevitable. The 
exchange interactions among Mn ions would also vary 
with doping as a result of the structural modification 
due to ionic size mismatch. In addition, the ionic ratio 
Mn 3+ /Mn 4+ would be changed adapting to the valence 
and concentration of the substituting ions. These effects 
therefore effectively hinder systematic studies of the Mn- 
site substitution in manganites. 

In a recent study^ it has been found that a se- 
lective substitution of Mn by non-magnetic elements 
could reveal important information on the interactions 
among Mn ions in a manganite. The authors pro- 
posed that the dilution of the Mn lattice leads to a 
decrease of the molecular field acting on Mn ions and 
therefore suppresses the ferromagnetism. In the low 
substitution ranges, Lao.ySro.aMni^M^Os (M'=Al,Ti) 
exhibits a linear scaling behavior between T c and the 
dilution concentration n p of M' ions (n p =cc/0.7 for 
M'=A1 and x/0.3 for M'=Ti). Since T c has the 
tendency to reduce to zero at n p =l, based on the 
molecular-field theory (MFT) approximation, the au- 
thors suggested that the DE mechanism is totally dom- 
inant in Lao.7Sro.3Mn03, playing a role behind the 
fact that the system has the highest T c among per- 
ovskitc manganites known to date. In the present pa- 
per, we report our study on the magnetic and transport 
properties of La .7Ca .3Mni_ K M^.O3 (M'=Al,Ti) com- 
pounds. Results from previous studies on similar sys- 
tems were reported and can be referenced in a num- 
ber of publications! 11 ' 12 i 13 ' 14 i 15 i 16 i 17 Our study is focused 
mainly on the dilution effects in Lao.7Can.3Mn1_x.M4O3 
in comparison with Lao.rSro.aMni-^M^Os. The dilution 
of Mn lattice results in a strong suppression of the fer- 
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romagnctism, a deterioration of the conductivity, and a 
huge development of the magnetoresistance. The T c (n p ) 
curves obtained for the two series of our samples, ac- 
cording to the MFT approximation, suggest a signifi- 
cant contribution of antiferromagnetic superexchange in 
Lao.7Cao.3Mn03, in contrast to Lao.7Sro.3Mn03. 



II. EXPERIMENT 

All the Lao.TCao.sMni-zM^Os (denoted as LCMA^ 
for M'=A1 and LCMTj; for M'=Ti) samples were pre- 
pared using a conventional solid state reaction method 
from pure (^99.99%) raw powders of La 2 03, CaCC>3, 
Mn02, AI2O3, and Ti0 2 . The powders with appro- 
priate amounts were thoroughly ground, mixed, pel- 
letizcd, and then calcined at several processing steps 
with increasing temperatures from 900 °C to 1200 °C 
and intermediate grindings. The products were then 
sintered at 1300 °C for 48 h in ambient atmosphere 
followed by a very slow cooling process from the sin- 
tering to room temperature with an annealing step at 
700 °C for 5 hours. Room-temperature x-ray diffrac- 
tion patterns (measured by a SIEMENS-D5000 with Cu- 
K a radiation) showed that all of the samples are sin- 
gle phase with perovskite orthorhombic (space group 
prima) structures; structural data were calculated using 
Rietveld refinements. Redox titration experiments (us- 
ing K 2 Cr 2 07 titrant and C24H 2 oBaN 2 06S2 colorimetric 
indicator) show almost no oxygen deficiencies or excesses 
(<5<0.006) in all the samples. Magnetic and four-probe 
resistancc/magnetoresistancc measurements were carried 
out in a Quantum Design PPMS6000 system. 
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FIG. 2: (Color online) LCMA^: (a) M Z fc(T) and M FC (T) 
curves measured in H=100 G, (b) p(T) curves in zero field, 
and (c) -MR(T) curves in #=60 kG. 



III. RESULTS AND DISCUSSION 

In several previous publications, there were con- 
cerns that Al 3+ could substitute for Mn 4+ , result- 
ing in an oxygen understoichiomctry in some Al-doped 
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FIG. 1: (Color online) Variations of the unit cell volume with 
Al and Ti concentrations. This result demonstrates an ad- 
ditional evidence for the selective substitutions of Al 3+ and 
Ti 4+ for Mn 3+ and Mn 4+ , respectively. 



manganitcs . 17 ' 18 ^ 19 In the case of Ti-doping, an oxygen 
overstoichiometry might be realized if Mn 3+ is replaced 
with Ti 4+ . If the oxygen concentration is kept stoichio- 
metric, the substitution of Al and Ti for Mn is there- 
fore expected to be selective, implying that Al 3+ would 
only substitute for Mn 3 + and Ti 4+ for Mn 4+1 £^ This is 
indeed supported in the present Lao.7Cao.3Mni_ x M^.03 
samples by the fact that there is almost no deficient or 
excessive oxygen as determined from the redox titration 
experiments. Moreover, the plots in Fig. [T] show that 
the unit cell volume derived from x-ray diffraction data 
monotonically decreases with Al substitution while it in- 
creases with increasing Ti concentration. These struc- 
tural variations give a further convincing evidence for 
the selective substitution of Al 3+ and Ti 4+ for Mn 3+ and 
Mn 4+ , respectively, considering that the ionic radius of 
Al 3 + (0.535 A) is smaller than that of Mn 3+ (0.645 A) 
and Ti 4 + (0.605 A) is larger than Mn 4 + (0.530 A) 3 

Measurements of temperature dependent magnetiza- 
tion, M(T), arc carried out for all the samples in both 
zero-ficld-cooling (ZFC) and field-cooling (FC) proto- 
cols. Fig. dh. presents the M (T) curves of the LCMA^ 
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series. A sharp ferromagnetic-paramagnetic (FM-PM) 
phase transition is observed for all the samples in the low 
doping region. The parent compound, Lao.7Cao.3Mn.O3, 
shows a FM-PM transition temperature T c of —247 K. 
With increasing x, the ferromagnetism is severely sup- 
pressed, indicated by a drastic decrease of T c . The shape 
of the M Z fc(T) and M FC (T) curves of the £^0.15 sam- 
ples suggests that, although a FM-PM transition is still 
observed for £=0.15, they are no longer pure ferromag- 
nets, but spin-glass-likc systems of short-range ferromag- 
netic correlations. The T c vs x data extracted from the 
M(T) curves for the ferromagnetic samples are plotted 
in the inset of Fig. [5] and will be discussed later in detail. 

As can be seen in Fig. [2Jd, the conductivity is also 
strongly suppressed by the Al substitution. Although a 
metal-insulator (MI) transition is observed for all the fer- 
romagnetic (x^O.l) compounds near the transition tem- 
perature T c , the resistivity increases in both FM and PM 
states. The resistivity drop at T c and the metallic con- 
ducting behavior in the FM state can be well explained 
by the double-exchange (DE) mechanism where a parallel 
alignment of the magnetic moments favors the transfer of 
e g electrons between Mn 3+ and Mn 4+ ions. Since Al 3+ 
does not participate in double exchange, it blocks all the 
conducting paths at the sites it occupies. The metallic 
conducting behavior is thus not expected in the highly 
substituted samples where the long-range FM order col- 
lapses into short-range FM correlations; the system con- 
sists of conducting FM regions separated by insulating 
non-FM boundaries. Such behavior can be seen in the 
£=0.15 and 0.2 samples as the resistance with decreasing 
temperature monotonically increases up to the limit of 
our measurement system (— 2xl0 6 fi) showing no observ- 
able MI transition. The resistance of these samples is still 
unmeasurably high down to temperatures as low as of 2 K 
and even in an applied field of 60 kG. The magnetoresis- 
tance ratios MR, defined as MR(%) = (R h -Rq)x100/R h , 
measured in an applied field H~60 kG for all the LCMA X 
compounds are presented in Fig. \Tp. As expected, all the 
low doped samples show a peak of MR near the FM-PM 
phase transition that is typical of the CMR effect. Al- 
though a maximum of MR cannot be measured for the 
highly doped samples, £=0.15 and 0.2, a clear develop- 
ment of the CMR effect with increasing Al concentration 
is observed. At the phase transition, the MR value in- 
creases from -400% for £=0 to -4200% for x=0.1. The 
x=0.15 sample shows a monotonous increase of MR with 
lowering temperature that reaches up to —4700% at —73 
K. A similar improvement of the CMR effect was previ- 
ously observed in Lao.67Sro.33Mni_. r Al a ;03 by Turilli et 
al.rH- The authors proposed a phenomcnological model 
to quantitatively explain the relationship between the 
magnetic and transport characteristics. Later, Blasco et 
al*£ reported a huge development of magnetoresistance 
(MR=10 7 % in i?=12 T) of La 2 / 3 Cai /3 Mni_ :E AL J 03± ( 5. 
Since their Al-dopcd samples are not homogeneous, the 
authors attribute the increase of MR to the effect of dis- 
order in the insulating regions. In our work, all the fcrro- 
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FIG. 3: (Color online) LCMTj,: (a) M ZPC (T) and M FC (T) 
curves measured in H—100 G, (b) p(T) curves in zero field, 
and the inset of (b) shows -MR(T) curves in H—60 kG. 



magnetic samples (x^O.l) exhibit a MI transition and a 
maximum of MR at temperatures very close to the FM- 
PM phase transitions. Thus, the increase of MR should 
not be attributed to magnetic field effect on the insulat- 
ing regions, but directly to the FM ordering according 
to the DE mechanism. The partial substitution of Al for 
Mn not only locally blocks conducting paths where Al 
occupies, but also globally weaken the FM order of the 
Mn lattice; both lead to an increase of i?o- The later 
case is directly associated with the decrease of T c and 
the enhancement of MR at T c in the low doped sam- 
ples. For highly doped ones (x^O.15), the increase of 
MR with lowering temperature is due to an expansion 
of ferromagnetic regions under high magnetic field. If 
the Al concentration is high enough to prevent the ferro- 
magnetic regions from percolating throughout the sam- 
ple, the magnetoresistance would increase monotonically 
with lowering temperature. However, too high Al con- 
centration would also suppress the growth of FM regions 
and therefore reduce the magnetoresistance effect. 

Figure [5] presents the magnetization and trans- 
port / magnetotransport characterizations of the LCMT^ 
compounds. Qualitatively, the Ti substitution causes 
similar effects on the magnetic and transport properties 
as those caused by the Al substitution. The substitu- 
tion suppresses T c , increases resistivity in both PM and 
FM states, and strongly enhances the magnetoresistance 
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FIG. 4: (Color online) Variations of the conduction electron 
bandwidth W with Al and Ti concentrations. The monotonic 
increase in W(x) is contradictory to the reduction in T c (x) 
in both Lao.TCao.sMni-zALjOs and Lao^Sro^Mm-^Al^Os 
systems. 



FIG. 5: (Color online) The effect of selective dilution on T c 
of Lao.rCao.aMni-z M^Oa at low dilution concentrations, n p 
(n p =x/0.7 for LCMA, and x/0.3 for LCMT*). The inset 
shows the original T c (x) data. 



effect. A sharp FM-PM phase transition with a well- 
defined T c is observed for all the samples at low substi- 
tution concentrations. Although a PM-FM phase transi- 
tion is still observed for x=0.075, the insulating behavior 
(Fig. ^p) suggests that this compound is no longer a 
pure ferromagnet, but a system consisting of conducting 
FM regions separated by insulating non-FM boundaries. 
The highest substituted sample, £=0.1, shows the be- 
havior of a spin-glass-like insulating system. While all 
the FM samples, x^O.05, that exhibit a MI transition 
concomitant with a maximum of MR at T c , those with 
insulating behavior exhibit a monotonous increase of MR 
with lowering temperature (see the inset of Fig. [3b). The 
MR value for £=0.075 reaches ~9000% at 50 K in an ex- 
ternal field of 60 kG. 

There have been several explanations for the reduction 
of T c in ferromagnetic manganitcs where Mn is substi- 
tuted by a trivalent or quadrivalent non-magnetic ele- 
ment such as Al and Ti. One explanation is simply that 
this is due to the suppression of long-range FM order 
of the localized t2 g spins by local breakdown of the ex- 
change couplings where the substitution occursi 21 i 22 Hu 
et alM assumed a demolition of the DE Mn 3+ -0 2_ -Mn 4+ 
bonds and a lower hole-carrier concentration caused by 
Ti substitution. Kallel et al2^ suggested that the pres- 
ence of Ti favors the superexchange (SE) interaction and 
suppresses the DE mechanism. Some authors attributed 
the decrease of T c to the variation of structural parame- 
ters such as the average Mn-0 bond length d(Mn-o) and 
Mn-O-Mn bond angle ^Mn-O-Mn) ' 16 ' 25 By calculating 
the e g -electron bandwidth W using an empirical formula, 
W oc cos[±(ir - 9(Mn-0-Mn))]/d(M,_o)i Kim et al ~ ob- 
served a narrowing of W in Lao.7Sro.3Mni_ x Ti x 03 and 
related it to the decrease of T c . Although W(x) was 
found seemingly to vary in a consistent manner with 
T c (x) in Ri- x A x MnC>3r^ explanations for the decrease 
of T c relying solely on the variation of W(x) may not 
be relevant in Mn-site substituted manganitcs, especially 
when Mn is substituted by AlJ£ To present the evidence 
for the inconsistent variation between W(x) and T c (x), 



we plot in Fig. 0] the W(x) curves calculated for the 
present Lao.7Cao.3Mn 1 _ :c AL E 03 samples and also for the 
Lao.rSro.sMni-^ALcOs samples used in Ref. 10. The re- 
sults clearly show, for both sample series, a widening of 
the bandwidth with x, in contrast to the decrease of T c 
(see Fig. 5 and the results in Ref. 10). These results 
unambiguously indicate that the e g -electron bandwidth 
alone docs not account for the suppression of ferromag- 
netism and conductivity in magnetically diluted mangan- 
ites. 

Nam et al*£ have suggested that the variation of T c 
in diluted ferromagnetic manganitcs can be explained 
in terms of a molecular-field system with mixed inter- 
actions; T c can be written as 

3fc B ^ 

a 

where &b is the Boltzmann's constant, S the average spin 
per magnetic ion, and z a the number of ions involved in 
the interaction a with exchange coupling constant J a . 
If the system is slightly diluted by a non-magnetic ele- 
ment with concentration n p , a linear dependence of T c 
is expected following the relation z a =z a o(l-n p ), where 
z a Q is the z a value of the undiluted system. In mixed- 
valence manganites, while the Mn 3+ -0 2 ~-Mn 4+ coupling 
(denoted as DE) is ferromagnetic according to the DE 
mechanism, the Mn 3 +-0 2 --Mn 3 + (SE1) and Mn 4 +-0 2 -- 
Mn 4+ (SE2) couplings are superexchange antiferromag- 
netic. A selective substitution of Al 3+ (or Ti 4+ ) for Mn 3+ 
(or Mn 4+ ) causes both zde and zsei (or ZSE2) to vary 
proportionally with l-n p while zse2 (or zsei) is left in- 
tact. The previous studyi^ on Lao.7Sro.3Mni_ x M^.03 
has found that, in the undiluted Lao.7Sro.3Mn03 and 
slightly diluted compounds, both Jse2 and Jsei are ba- 
sically negligible, leading to a linear T c (n p ) dependence 
that crosses T c =0 at n p =l scaled for both M'=A1 and 
Ti. The absence of antifcrromagnetic superexchange 
interactions is probably a reason behind the fact that 
Lao.7Sro.3Mn03 has the highest T c ever found for man- 
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ganites. If the antiferromagnctic superexchange interac- 
tions in the undiluted system are significant, T c will be 
reduced and the T c {n p ) linear dependence should inter- 
sect T c =0 at a n p value smaller than 1. This seems to 
be qualitatively consistent with the results obtained for 
the present LCMA X and LCMT X systems presented in 
Fig. O where T c (n p ) curves are linear at low substitu- 
tion concentrations and extrapolate to T c =0 at n p =0.27 
for LCMA-r and 0.35 for LCMT X . The scaling behavior 
observed for Lao.7Sr .3Mni_. E M ; £C)3 is no longer relevant 
for La^,' 7 Ca,o.3Miii_ x M! l ,0 3 . Using the data in Fig. 0and 
adopting Jsei=-0.58 meV derived from neutron scatter- 
ing measurements on LaMnOa^ 7 - we obtained Jse2=- 
4.34 meV and Jde=5.92 meV. These values may not 
be very accurate since Jsei may change from LaMn03 
to Lao.7Cao.3Mn03 because of the difference in crystal 
structures, but essentially indicate the presence of sig- 
nificant antiferromagnetic interactions that coexist and 
compete with the DE FM one in Lao.7Cao.3Mn03 and 
the slightly diluted compounds. 



ferromagnetism and metallic conduction, but strongly 
enhances the magnetoresistance. In contrast to 
the scaling behavior T c (n p ) previously reported for 
Lao.7Sro.3Mni_ x M^03, extrapolations of the T c (n p ) 
linear curves to T c =0 give different n p values and both 
much smaller than 1. These results indicate that, 
according to a molecular-field approximation, antiferro- 
magnctic superexchange among Mn ions is significant 
in Lao.7Cao.3Mn03. Our results suggest that variations 
of e g -electron bandwidth W alone cannot explain the 
decrease of T c in Mn-site substituted manganites. We 
propose that this simple selective dilution technique can 
be quite effective in probing the presence of competing 
interactions in mixed systems such as manganites. 
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